Background: Hi-C, a derivative of chromosome conformation capture (3C) targeting the whole genome, was originally developed as a means for characterizing chromatin conformation. More recently, this method has also been frequently employed in elongating nucleotide sequences obtained by de novo genome sequencing and assembly, in which the number of resultant sequences rarely converge into the chromosome number. Despite the prevailing and irreplaceable use, sample preparation methods for Hi-C have not been intensively discussed, especially from the standpoint of genome scaffolding.
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Background
Chromatin, a complex of nucleic acids (DNA and RNA) and proteins, exhibits a complex three-dimensional organization in the nucleus, which enables intricate regulation of genome information expression through spatiotemporal controls (reviewed in [1] ). In order to characterize chromatin conformation on a genomic scale, the Hi-C method was introduced as a derivative of chromosome conformation capture (3C) ( Fig.   1A ; [2] ). This method detects chromatin contacts on a genomic scale through digestion of crosslinked DNA molecules with restriction enzymes, followed by proximity ligation of the digested DNA molecules. Massively parallel sequencing of the library harboring ligated DNA molecules enables comprehensive quantification of contacts between different genomic regions inside and between chromosomes, which is presented in a heatmap conventionally called the 'contact map' [3] .
Analyses of chromatin conformation with Hi-C have revealed more frequent contacts between more closely linked genomic regions, which has prompted this method to be employed in elongating de novo genome sequences, more recently [4] . In de novo genome sequencing, the number of assembled sequences is usually far larger than the number of chromosomes in the karyotype of the species of interest, irrespective of the sequencing platform chosen [5] . The application of Hi-C scaffolding enabled remarkable enhancement of sequence continuity to reach a chromosome scale and integration of fragmentary sequences into longer sequences, which are similar in number to that of chromosomes in the karyotype. In early 2018, commercial Hi-C library preparation kits were introduced to the market (Fig. 1B) , and de novo genome assembly was revolutionized by the release of versatile computational programs for Hi-C scaffolding (Table 1) , namely LACHESIS [6] , HiRise [7] , SALSA [8, 9] , and 3d-dna 4 [10] . These movements assisted the rise of mass sequencing projects targeting a number of species, such as Earth BioGenome Project (EBP) [11] , Genome 10K (G10K)/Vertebrate Genome Project (VGP) [12, 13] , and DNA Zoo Project [14] .
Optimization of Hi-C sample preparation, however, has been limitedly attempted [15] .
Thus, it remains unexplored which factor in particular makes a difference in the results of Hi-C scaffolding, mainly because of its costly and resource-demanding nature.
Together with performing protocol optimization using human culture cells, we focused on the softshell turtle Pelodiscus sinensis (Fig. 2) . This species has been adopted as a study system for evolutionary developmental biology (Evo-Devo), including the study on the formation of the dorsal shell (carapace) (reviewed in [16] ). It is anticipated that relevant research communities have access to genome sequences of optimal quality. In Japan, live materials (adults and embryos) of this species are available through local farms mainly between May and August, which allows its high utility for sustainable research. Based on a previous cytogenetic report, the karyotype of this species consists of 33 chromosome pairs including Z and W (2n = 66) that show a wide variety of sizes (conventionally categorized into macrochromosomes and microchromosomes) [17] . Despite its moderate global GC-content in its whole genome at around 44%, an earlier study suggested the intragenomic heterogeneity of GC-content between and within the chromosomes, along with their sizes [18] . A wealth of cytogenetic efforts on this species accumulated fluorescence in situ hybridization (FISH)-based mapping data for 162 protein-coding genes covering almost all chromosomes [17] [18] [19] , which serves as structural landmarks for validating genome assembly sequences.
A draft sequence assembly of the softshell turtle genome was built with short 5 reads and released already in 2013 [20] . This sequence assembly achieved the N50 scaffold length of >3.3 Mb but remains fragmented into approximately 20,000 sequences (see Supplementary Table S1 ). The longest sequence in this assembly is only slightly larger than 16 Mb, which is much shorter than the largest chromosome size estimated from the karyotype report [17] . The total size of the assembly is approximately 2.2 Gb, which is a moderate size for a vertebrate species. Because of its affordable genome size, sufficiently complex structure, and availability of validation methods, we reasoned that the genome of this species is a suitable target for our methodological comparison, and its improved genome assembly is expected to assist a wide range of genome-based studies employing this species.
Results
Stepwise QC before large-scale sequencing
It would be ideal to judge the quality of prepared libraries before costly sequencing.
Following existing literature [15, 21] , we routinely control the quality of Hi-C DNAs and Hi-C libraries by observing DNA size shifts with digestion targeting the restriction sites in properly prepared samples ( Fig. 3 ). More concretely, a successfully ligated Hi-C DNA sample should exhibit a slight length recovery of restricted DNA fragments after ligation (QC1), which serves as an indicator of qualified samples (e.g., Sample 1 in Fig.   3B ). In contrast, an unsuccessfully prepared Hi-C DNA does not exhibit this length recovery (e.g., Sample 2 in Fig. 3B ). In a later step, DNA molecules in a successfully prepared HindIII-digested Hi-C library should contain the NheI restriction site at a high 6 probability. Thus, the length distribution after the NheI digestion of the prepared library serves as an indicator of qualified or disqualified products (QC2; Fig. 3C ). This series of QCs is incorporated into our protocol by default (Supplementary Protocol S1) and
can also be performed along with sample preparation using commercial kits provided that it employs a single restriction enzyme.
Some of the libraries we have prepared passed the QC steps before sequencing but yielded an unpreferably large proportion of unusable read pairs. To identify such libraries, we routinely performed small-scale sequencing with the purpose of quick and inexpensive QC using the HiC-Pro program [22] (see Fig. 4 for the read pair categories assigned by HiC-Pro). Our test with variable input data sizes (500 K-200 M read pairs) resulted in highly similar breakdowns into different categories of read pair properties ( Supplementary Table S2 ) and guaranteed the QC with an extremely small data size of 1 M or fewer reads. These post-sequencing QC steps that do not incur a large cost are expected to help avoid large-scale sequencing of unsuccessful libraries that have somehow passed through QC1 and QC2 steps. Importantly, libraries that have passed this QC can be further sequenced in more depth as necessary.
Optimization of sample preparation conditions
We identified overt differences between sample preparation protocols of already published studies and those of commercial kits ( Fig. 1B) . Therefore, we first sought to optimize the conditions of several preparation steps using human culture cells.
To evaluate the effect of the degree of cell fixation, we prepared Hi-C libraries from GM12878 cells fixed for 10 and 30 minutes. Our comparison did not detect any marked difference in the quality of Hi-C DNA (QC1; Fig. 5A ) and Hi-C library (QC2; 7 Fig. 5B ). However, libraries with longer fixation showed larger proportions of dangling end read pairs and re-ligation read pairs, as well as a smaller proportion of valid interaction reads ( Fig. 5C ). Increased duration of cell fixation reduces the proportion of long-range (>1 Mb) interactions among the overall captured interactions (Fig. 5D ).
The reduced preparation time with commercial Hi-C kits (up to two days according to their advertisement) is attributable mainly to shortened duration of restriction and ligation ( Fig. 1B) . To monitor the effect of shortening these enzymatic reactions, we analyzed the progression of restriction and ligation in a time course experiment using human GM12878 cells. The results show persistent progression of restriction until 16 hours and of ligation until 6 hours ( Fig. 6 ).
Multifaceted comparison using softshell turtle samples
On the basis of the detailed optimization of sample preparation conditions described above, we built an original protocol, designated the 'iconHi-C protocol', with 10 minlong cell fixation, 16 hour-long restriction, 6 hour-long ligation, and successive QC steps (Methods; also see Supplementary Protocol S1; Fig. 1B ).
We performed Hi-C sample preparation and scaffolding using tissues from a female Chinese softshell turtle which is known to have both Z and W chromosomes [17] . For this purpose, we prepared Hi-C libraries with variable tissues (liver or blood cells), restriction enzymes (HindIII or DpnII), and protocols (our iconHi-C protocol, the Arima Genomics kit in conjunction with the KAPA Hyper Prep Kit, or the Phase Genomics kit) as outlined in Fig. 7A (see Supplementary Table S3 ; Supplementary Fig.   S1 ). As in some existing protocols (e.g., [23] ), we performed T4 DNA polymerase treatment in our iconHi-C protocol (Library a-d), expecting reduced proportions of 8 'dangling end' read pairs that contain no ligated junction and thus do not contribute to Hi-C scaffolding. We also incorporated this T4 DNA polymerase treatment in the workflow of the Arima kit (Library e vs. Library f without this additional treatment).
We also tested a lesser degree of PCR amplification (11 cycles) along with the use of the Phase Genomics kit which compels as many as 15 cycles by default (Library h vs. Library g; Fig. 7A ).
The samples prepared with the iconHi-C protocol, which is compatible with the abovementioned QC1 and QC2, were all judged as qualified, by these QCs (Fig. 7B ).
The prepared Hi-C libraries were sequenced to obtain one million 127nt-long read pairs and subjected to post-sequencing QC with the HiC-Pro program ( Fig. 8 ). As a result of this QC, the largest proportion of 'valid interaction' pairs was observed for Arima libraries (Library e and f). As for the iconHi-C libraries (Library a-d), fewer 'unmapped' and 'religation' pairs were detected with the DpnII libraries than with HindIII libraries. It should be noted that the QC results for the softshell turtle libraries generally produced lower proportions of the 'valid interaction' category and larger proportions of 'unmapped pairs' and 'pairs with singleton' than those for human libraries. This cross-species difference is accounted for by possibly incomplete genome sequences used as a reference for Hi-C read mapping ( Supplementary Table S1 ). This evokes a caution in comparing QC results across species.
Scaffolding with variable inputs and computational conditions
In this study, only well-maintained, open-source programs, namely 3d-dna and SALSA2, were used in conjunction with variable combinations of an input library, an input read amount, an input sequence cutoff length, and a number of iterative misjoin 9 correction rounds ( Fig. 9A ). As a result of scaffolding, we observed a wide spectrum of basic metrics, including the N50 scaffold length (0.6-303 Mb), the largest scaffold length (8.7-703 Mb), and the number of chromosome-sized (>10 Mb) sequences (0-65) ( Fig. 9 ; Supplementary Table S4 ).
First of all, with the default parameters, 3d-dna consistently produced more continuous assemblies than SALSA2 (see Assembly 1 vs. 5, 3 vs. 6, 9 vs. 10, and 11 vs 12 in Fig. 9 ). Second, increasing the number of iterative corrections ('-r' option with 3ddna) resulted in relatively large N50 lengths but with more missing orthologs (see . Third, a smaller input sequence cutoff length ('-i' option with 3ddna) resulted in a smaller number of resultant scaffolds but again, with more missing orthologs (see Assembly 13, [16] [17] [18] . Fourth, using the liver libraries consistently resulted in a higher continuity than using the blood cell libraries (see Assembly 1 vs. 2 as well as 3 vs. 4 in Fig. 9 ).
Of those, Assembly 8, employing input Hi-C reads derived from both liver and blood, exhibited an outstandingly large N50 scaffold length (303 Mb) but a larger number of undetected reference ortholog (141 orthologs) than most of the other assemblies. The largest scaffold (scaffold 5) in this assembly is approximately 703 Mb long, causing the large N50 length, and accounts for approximately one-third of the whole genome in length, as a result of possible overassembly bridging 14 putative chromosomes (see Supplementary Fig. S2 ).
The choice of restriction enzymes has not yet been discussed in depth, in the context of genome scaffolding. In the present study, we separately prepared Hi-C libraries with HindIII and DpnII. We did not mix multiple enzymes in a reaction (apart from using the Arima kit originally employing two enzymes) and instead performed a 10 single scaffolding run with both HindIII-based and DpnII-based reads (see Assembly 7 in Fig. 9 ). Our comparison of multiple metrics expectedly highlights a more successful result with DpnII than with HindIII (see Assembly 1 vs. 3 as well as 2 vs. 4; Fig. 9 ).
However, the mixed input of HindIII-based and DpnII-based reads did not necessarily yield a better scaffolding result (see Assembly 3 vs. 7).
Validation of scaffolding results with transcriptome and FISH data
In addition to the above-mentioned evaluation of the scaffolding results based on sequence length and gene space completeness, we attempted to evaluate the sequence continuity with independently obtained data. First, we mapped assembled transcript sequences onto our Hi-C scaffold sequences (see Methods). This did not reveal any substantial differences between the assemblies ( Supplementary Table S5 ), probably because the sequence continuity after Hi-C scaffolding already exceeded that of RNAseq library inserts even when the lengths of intervening introns in the genome are taken into consideration. The present analysis with RNA-seq data did not provide an effective resort of continuity validation.
Second, we referred to the fluorescence in situ hybridization (FISH) mapping data for 162 protein-coding genes from published cytogenetic studies [17] [18] [19] , which allowed us to check the locations of those genes with our resultant Hi-C assemblies. In this analysis, we evaluated Assembly 3, 7, and 9 (see Fig. 9A ) that showed better scaffolding results in terms of sequence length distribution and gene space completeness ( Fig. 9B ). As a result, we confirmed the positioning of almost all genes and their continuity over the centromeres, which encompassed not only large but also small chromosomes (conventionally called 'macro-' and 'micro-chromosomes'; Fig. 10 ). Two genes that were not confirmed by Assembly 7 (UCHL1 and COX15; Fig. 10 ) were found in separate scaffold sequences shorter than 1 Mb, which indicates insufficient scaffolding. On the other hand, the gene array including RBM5, TKT, WNT7A, and WNT5A, previously shown by FISH, was consistently unconfirmed by all the three assemblies ( Fig. 10 ), which did not provide any clue for among-assembly evaluation or even indicated an erroneous interpretation of FISH data in a previous study.
Discussion
Starting materials: not genomic DNA extraction but in situ cell fixation
In genome sequencing, best practices for high molecular weight DNA extraction have often been discussed (e.g., [24] ). This factor is fundamental to building longer contigs, whether employing short-read or long-read sequencing platforms. Also, the proximity ligation method using Chicago libraries provided by Dovetail Genomics which is based on in vitro chromatin reconstruction [7] , uses genomic DNA as starting materials.
Instead, proximity guided assembly enabled by Hi-C employs cellular nuclei preserving chromatin conformation, which brings a new technical challenge for appropriate sampling and sample preservation in genomics.
In preparing the starting materials, it seems important to optimize the degree of cell fixation depending on your sample choice, to obtain an optimal result in Hi-C scaffolding ( Fig. 5 ). Another practical lesson about tissue choice was obtained by examining Assembly 8 (Fig. 9A ). This assembly was produced by 3d-dna scaffolding with both liver and blood libraries (Library b and d), which led to an unacceptable result 12 possibly caused by overassembly ( Fig. 9B-D ; also see Results). It is likely that enhanced cellular heterogeneity, possibly introducing excessive conflicting chromatin contacts, did not allow the scaffolding program to properly group and order the input genome sequences. In brief, we recommend the use of samples with modest cell-type heterogeneity amenable to thorough fixation.
Considerations in sample preparation
In this study, we could not test all commercial Hi-C kits available in the market. This is partly because the Dovetail Hi-C kit specifies a non-open source program HiRise as the only supported downstream computation solution and does not allow a direct comparison with other kits, namely those from Phase Genomics and Arima Genomics.
According to our calculation, it would be at least three times more economical to prepare a Hi-C library with the iconHi-C protocol than with a commercial kit.
Practically, the cost difference would be even larger, either when one cannot fully consume the purchased kit or when one cannot undertake post-sequencing computation steps and thus cover additional outsourcing cost for this.
Genomic regions targeted by Hi-C are determined by the choice of restriction enzymes. Theoretically, 4-base cutters (e.g., DpnII), potentially with more frequent restriction sites on the genome, are expected to provide a higher resolution than 6-base cutters (e.g., HindIII) [15] . However, it might not be so straightforward when the species-by-species variation of GC-content, as well as its intra-genomic heterogeneity, are taken into consideration. The use of multiple enzymes in a single reaction could be promising, but not all scaffolding programs are compatible with multiple enzymes from a computational viewpoint (see Table 1 for a comparison of scaffolding program 13 specifications). Another technical downside is the incompatibility of DNA ends restricted by multiple enzymes, with restriction-based QCs, such as QC2 in our iconHi-C protocol (Fig. 3) . Therefore, in this study, DpnII and HindIII were separately employed in conjunction with the iconHi-C protocol, which resulted in higher scaffolding performance with the DpnII library ( Figs. 8 and 9 ), as expected. In addition, we input the separately prepared DpnII and HindIII libraries together in scaffolding (Assembly 7), but this attempt did not lead to higher scaffolding performance (Figs.
9B-D and 10). The Arima Hi-C kit employs two different enzymes that can produce much more combinations of restriction sites, because one of the two enzymes recognizes the nucleotide stretch GANTC. Scaffolding with the libraries prepared using this kit resulted in one of the most acceptable assemblies (Assembly 9). However, this result did not explicitly exceed the performance of scaffolding with the iconHi-C libraries including the one employing only a single enzyme DpnII (Library d).
One concern about the use of commercial kits (except the Arima Hi-C kit used with the Arima-QC2) is overamplification by PCR, as their manuals specify certain numbers of PCR cycles a priori (15 cycles for the Phase Genomics Proximo Hi-C kit and 11 cycles for the Dovetail Hi-C kit). In our iconHi-C protocol, an optimal number of PCR cycles is estimated by means of a preliminary real-time PCR using a small aliquot (Step11. [25] [26] [27] [28] [29] in Supplementary Protocol S1) as traditionally performed for other library types (e.g., [25] ). This procedure allowed us to minimize the PCR cycles down to five cycles ( Supplementary Table S3 ). The Dovetail Hi-C kit recommends that one consumes larger amounts of kit components than specified for a single sample, depending on the genome size, as well as the degree of genomic heterozygosity and repetitiveness, of the species of interest. However, with our iconHi-C protocol, we 14 always performed a single library preparation, irrespective of those species-specific factors, which we understand suffices in all the cases we have tested.
Commercial Hi-C kits, usually advertised for easiness and quickness, have largely shortened the protocol down to two days, in comparison with existing noncommercial protocols (e.g., [15, 23] ). Such time-saving protocols are achieved mainly by shortened durations of restriction enzyme digestion and ligation (Fig. 1B) . Our assessment, however, showed unsaturated reaction within such shortened time frames employed in the commercial kits ( Fig. 6 ). Also, our attempt to insert a step for T4 DNA polymerase treatment in sample preparation with the Arima Hi-C kit resulted in reduced 'dangling end' reads (Library e vs. Library f in Fig. 8 ). As for the Phase Genomics Proximo Hi-C kit, transposase-based library preparation contributes largely to shortening its protocol, but this decreases the operability of library insert lengths.
Especially if Hi-C sample preparation is performed for a limited number of samples, as practiced typically for genome scaffolding, one would opt to consider these points, even in using commercial kits, in order to further improve the quality of prepared libraries and scaffolding products.
Considerations in sequencing
The quantity of Hi-C read pairs to be input for scaffolding is critical because it accounts for the majority of the cost of Hi-C scaffolding. Our protocol introduces a thorough safety system to prevent sequencing unsuccessful libraries, firstly with pre-sequencing QCs for size shift analysis ( Fig. 3) and secondly with small-scale (down to 500 K read pairs) sequencing (see Results; also see Supplementary Table S2 , S6).
Our comparison shows a dramatic decrease in assembly quality when less than 15 100 M read pairs were used (see the comparison among Assembly 19-23 above in Fig.   9 ). Still, we obtained optimal results with a smaller number of reads (ca. 160 M per 2.2 Gb genome) than recommended by commercial kits (e.g., 100 M per 1 Gb genome for the Dovetail Hi-C kit and 200 M per Gb genome for the Arima Hi-C kit). As generally and repeatedly discussed, the proportion of informative reads and their diversity, rather than just the number of all obtained reads, are critical.
In terms of read length, we did not perform any comparison in this study.
Longer reads may enhance the fidelity in characterizing the read pair property and allows precise QC. Still, the existing Illumina sequencing platform has enabled economical acquisition of 150 nt-long paired-end reads, which did not prompt us to vary the read length.
Considerations in computation
In this study, 3d-dna produced a more reliable scaffolding output than SALSA2, whether sample preparation employed a single or multiple enzyme(s) ( Fig. 9B-D) . On the other hand, 3d-dna needed more time to complete scaffolding than SALSA2. Apart from the choice of the program, there are quite a few points to consider, in order to achieve successful scaffolding for a smaller investment. In general, it is advised not to take Hi-C scaffolding results for granted, and it is necessary to improve them by referring to contact maps, using an interactive tool such as Juicebox [14] . In this study, however, we compared raw scaffolding outputs to evaluate sample preparation and reproducible computational steps.
Our study employed variable parameters of the scaffolding programs (Fig. 9A) .
First, available Hi-C scaffolding programs have different default length cut-off values 16 for input sequences (e.g., 15000 bp for the parameter '-i' with 3d-dna and 1000 bp for the parameter '-c' with SALSA2). Only sequences longer than the cut-off length value contribute to sequence elongation towards the chromosome sizes, and those shorter than that are implicitly excluded from the scaffolding process and remain unchanged.
Typically with the Illumina sequencing platform, genomic regions with unusually high frequencies of GC-content and repetitive elements are not assembled into sequences with sufficient lengths (see [26] ). Such genomic regions tend to be excluded from chromosome-scale Hi-C scaffolds because their length is smaller than the threshold. It is also possible that such regions are excluded because few Hi-C read pairs are mapped to such regions, even if they exceed the cutoff length. One needs to deliberately set the length cutoff in accordance with the overall continuity of the input assembly and possible interest into particular, fragmentary sequences expected to be elongated. It should be warned that lowering the length threshold can result in frequent misjoins in the scaffolding output ( Fig. 9B-D) or too much computational time. Regarding the number of iterative misjoin correction rounds (the parameter '-r' with 3d-dna and 'i' with SALSA2), our attempts with increased values did not necessarily yield favorable results ( Fig. 9B-D) , which did not provide a consistent optimal range of values but rather suggests the importance of performing multiple scaffolding runs with varied parameters.
Considerations in assessing chromosome-scale genome sequences
Our assessment with cytogenetic data confirmed the continuity of gene linkage over the obtained chromosome-scale sequences (Fig. 10) . This validation was necessitated by almost saturated scores of typical gene space completeness assessment such as BUSCO 17 ( Supplementary Table S4 ) as well as transcript contig mapping ( Supplementary Table   S5 ), both of which did not provide an effective metric for evaluation. Mb and the maximum length of <100 Mb [27] . If these metrics show excessive values, scaffolded sequences harbor overassembly that erroneously boosts length-based metrics.
Larger values that researchers conventionally regard as signs for successful sequence assembly do not necessarily indicate higher precision.
The total length of assembly sequences is expected to increase after Hi-C scaffolding, because scaffolding programs simply insert a stretch of the unassigned base 'N' with a uniform length between input sequences in most cases (500 bp as default with both 3d-dna and SALSA2). However, this has a minor impact on the total assembly sequence length. In fact, inserting the 'N' stretches of arbitrary lengths has been an implicit, rampant practice even before Hi-C scaffolding prevailed-for example, the most and second most frequent lengths of the 'N' stretch in the publicly available zebrafish genome assembly Zv10 are 100 and 10 bp, respectively.
Conclusions
In this study, we introduced the iconHi-C protocol in which successive QC steps are implemented, and assessed possible keys for improving Hi-C scaffolding. Overall, our study shows that a small variation in sample preparation or computation for scaffolding can have a large impact on scaffolding output, and any scaffolding output should ideally be validated by independent information, such as cytogenetic data, long reads, or genetic linkage maps. Our present study aimed to evaluate the output of reproducible computational steps, which in practice should be followed by modifying the raw scaffolding output by referring to independent information or by analyzing chromatin contact maps. The study employed only limited combinations of species, sample prep methods, scaffolding programs, and its parameters, and we will continue testing different conditions for kits/programs that did not necessarily perform well here with our specific materials.
Methods
Initial genome assembly sequences
The softshell turtle (Pelodiscus sinensis) assembly published previously [20] was downloaded from NCBI GenBank (GCA_000230535.1), whose gene space completeness and length statistics were assessed by gVolante [28] (see Supplementary 19 Table S1 for the assessment results). Although it could be suggested to remove haplotigs before Hi-C scaffolding [29] , we omitted this step because of the low frequency of the reference orthologs with multiple copies (0.72 %; Supplementary   Table S1 ), indicating a minimal degree of haplotig contamination.
Animals and cells
We sampled tissues (liver and blood cells) from a female purchased from a local farmer in Japan, because the previous whole genome sequencing used the whole blood of a female [20] . All the experiments were conducted in accordance with the Guideline of the Institutional Animal Care and Use Committee of RIKEN Kobe Branch (Approval ID: A2017-12).
Human lymphoblastoid cell line GM12878 was purchased from the Coriell Cell
Repositories and cultured in RPMI-1640 media (Thermo Fisher Scientific) supplemented with 15% FBS, 2 mM L-glutamine, and 1x antibiotic-antimycotic solution (Thermo Fisher Scientific), at 37 °C, 5 % CO2, as described previously [30] .
Hi-C sample preparation using the original protocol
We have made modifications to a protocol introduced in previous literature [23, 31] ( Fig. 1B) . The full version of the modified 'inexpensive and controllable Hi-C (iconHi-C)' protocol is described in Supplementary Protocol S1.
Hi-C sample preparation using commercial kits
The Proximo Hi-C kit (Phase Genomics) which employs the restriction enzyme Sau3A1 and transposase-based library preparation [32] (Fig. 1B) was used for preparing a 20 library from the 50 mg softshell turtle liver following its official ver. 1.0 animal protocol (Library g in Fig. 7A ) and a library from the 10 mg liver amplified with a reduced number of PCR cycles based on a preliminary real-time qPCR using an aliquot (Library h; see [25] for the detail of the pre-determination of optimal PCR cycles). The 
Post-sequencing quality control of Hi-C libraries
For post-sequencing library QC, one million trimmed read pairs for each Hi-C library 21 were sampled using the 'subseq' function of the program seqtk ver. 1.2-r94 (https://github.com/lh3/seqtk). The resultant sets of read pairs were processed using HiC-Pro ver. 2.11.1 [22] with bowtie2 ver. 2.3.4.1 [33] to evaluate the insert structure and mapping status onto the softshell turtle genome assembly PelSin_1.0 (GCF_000230535.1) or human genome assembly hg19. This resulted in the categorization between valid interaction pairs and invalid pairs, and the latter is divided into 'dangling end', 'religation', 'self circle', and 'single-end' (Fig. 4) . To process the read pairs derived from the libraries prepared using either HindIII or DpnII (Sau3AI) with the iconHi-C protocol (Library a-d) and the Phase Genomics Proximo Hi-C kit (Library g and h), the restriction fragment file required by HiC-Pro was prepared according to the script 'digest_genome.py' provided with HiC-Pro. To process the reads derived from the Arima Hi-C kit (Library e and f), all restriction sites ('GATC' and 'GANTC') were inserted into the script. In addition, the nucleotide sequences of all possible ligated sites generated by restriction enzymes were included in a configuration file of HiC-Pro. The details and the sample code are included in Supplementary Protocol S2.
Computation for Hi-C scaffolding
In order to control our comparison with intended input data sizes, certain numbers of trimmed read pairs were sampled for each library with seqtk as described above.
Scaffolding was processed with the following methods employing two program pipelines, 3d-dna and SALSA2.
Scaffolding with the program 3d-dna was preceded by Hi-C read mapping onto the genome with Juicer ver. 20180805 [34] using the default parameters with BWA 22 ver.0.7.17-r1188 [35] . The restriction fragment file required by Juicer was prepared by the script 'generate_site_positions.py' provided with Juicer or our original script compatible with multiple restriction enzymes to convert the restriction fragment file of HiC-Pro to the format required by Juicer ( Supplementary Protocol S2) . Scaffolding with 3d-dna ver. 20180929 was performed with variable parameters (see Fig. 9A ).
Scaffolding with the program SALSA2 using Hi-C reads was preceded by Hi-C read pair processing with the Arima mapping pipeline ver. 20181207 [37] , whose output was used as an input of scaffolding using SALSA2 ver. 20181212 with the default parameters.
Completeness assessment of Hi-C scaffolds
gVolante ver. 1.2.1 [28] was used to perform an assessment of sequence length distribution and gene space completeness based on the coverage of one-to-one reference orthologs with BUSCO v2/v3 employing the one-to-one ortholog set 'Tetrapoda' supplied with BUSCO [38] . For the assessment, no threshold of cut-off length was set. [8, 9] Fig. 4 for the categorization, and Supplementary Table S3 for the actual proportion of the reads in each category. Post-sequencing quality control using variable read amounts (500 K-200 M pairs) for one of these softshell turtle libraries ( Supplementary Table S6 ) and human GM12878 libraries ( Supplementary   Table S2 ) shows the validity of this quality control with as few as 500 K read pairs. 
